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MOND was developed by Milgrom (1983) to explain 
the rotation curves of spiral galaxies without 

needing dark matter.

It does that very well!
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MOND fails with 
clusters of galaxies

Sanders (2003) found that galaxies + X-ray 
plasma was not sufficient with MOND to 
explain the X-ray temperature

Suggested a massive (~2 eV) neutrino to 
make up the missing mass

This would not harm MOND’s fits to spiral 
galaxies, as the 2 eV neutrino’s density 
profile has a large core in a typical spiral 
galaxy potential



The Bullet Cluster (v 1.0)

As can be seen in Figure 1, two distinct mass peaks are
found in the field, each of which is spatially coincident with an
overdensity of galaxies. Spectra for galaxies in both structures
have been published in Barrena et al. (2002), and the two
groups have the same redshift. The peaks have significances of
6.4 ! for the larger eastern peak (hereafter referred to as ‘‘the
cluster’’) and 3.0 ! for the smaller western peak (hereafter
referred to as ‘‘the subclump’’). The significances were mea-
sured by convolving the mass maps with Mexican-hat filters
and comparing the filtered value at the peak position with those
of randomizations of the mass maps. The randomizations were
performed by first subtracting a smoothed value of the shear
(smoothed using a 22B4 Gaussian weighted average of the
surrounding galaxy ellipticities) from the galaxy shear esti-
mates to obtain an estimate of the intrinsic ellipticity of the
galaxies, then applying a random spin to the orientation of each
background galaxy while preserving their positions and in-
trinsic ellipticities, and creating mass maps from the catalogs.

An X-ray luminosity map from Chandra data (Markevitch
et al. 2002) is overlain in gray contours in Figure 1. As can be

seen, both peaks are also visible in the X-ray data but are offset
in position from both the galaxies and the mass peaks. From
the shape, strength, and location of the shock visible in the
X-ray peak for the subclump, Markevitch et al. (2002) have
concluded that this system has just undergone initial infall and
pass-through and that the two clusters are now moving away
from one another. The separation between the galaxies, which
are effectively collisionless particles in such a pass-through
event, and the X-ray gas is a result of the ram pressure of the
interacting gas halos slowing down the X-ray halos during the
interaction. As a result, a separation between the mass peak and
the X-ray peak and an agreement in position between the mass
peak and galaxy overdensity would suggest that the dark
matter component of the cluster must be relatively collision-
less, as compared to the X-ray–emitting baryonic gas.
In order to place limits on the collisional cross section of

dark matter from the displacement of the mass peak from the
X-ray peak, we calculated the error on the centroid determi-
nation of the subclump by performing mass reconstructions
on 10,000 bootstrap-resampled catalogs of the background

Fig. 1.—(a) Gray-scale I-band VLT image used to measure the galaxy shapes for the background galaxies. Overlain in black contours is the weak-lensing mass
reconstruction, with solid contours for positive mass, dashed contours for negative mass, and the dash-dotted contour for the zero-mass level, which is set such that
the mean mass at the edge of the image is zero. Each contour represents a change in the surface mass density of 2:8! 108 M" kpc#2. (b) Gray-scale Chandra X-ray
image from Markevitch et al. (2002), with the same weak-lensing contours as in (a). (c) Gray-scale luminosity distribution of galaxies with the same B#I colors as
the primary cluster’s red sequence. Overlain are the same mass contours as in (a). (d) Gray-scale mass reconstruction of the field after subtraction of the best-fit King
shear profile for the primary cluster. Overlain are the same mass contours as in (a). (e) Gray-scale mass reconstruction of the field after the background galaxies have
been rotated by 45$, with the same color stretch as in (d). This provides a good indication of the level of the noise in the reconstruction. The contours for the noise
are drawn at the same values of " as for the mass reconstruction in (a).

CLOWE, GONZALEZ, & MARKEVITCH598 Vol. 604

Weak lensing gravity centroids offset from the 
plasma centroids by 2-3

(2004)



X-ray refinements

Pointecouteau and Silk (2005) looked at 10 
clusters to large radial range (>0.5 R200) with 
XMM

Modeling with MOND required 4 times the 
amount of mass in a dark component 
compared with the X-ray plasma

Still (barely) viable with a 2 eV neutrino



The Bullet Cluster (v 1.1)

green  = convergence
white = centroid errors

Clowe et al (2006)

Conclusion: in any 
modified gravity, you 
will need at least 
twice as much DM 
as visible baryons



TeVeS Model

TextText

Angus et al 2006, ApJ, 654, L13

See also Feix, Fedeli, and Bartelmann 2007



red = X-ray 
plasma

blue = weak 
lensing 

convergence

Center of merging bullet
is too dense for 2eV

neutrinos!
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Merger Velocity Problem?
The total system is best fit with r200 = 2140 kpc, c = 1.9 
at 11σ for the main cluster, r200 = 1000 kpc, c = 7.1 at 7σ 
for the merging subcluster.

Infall velocity for the system is ~3000 km/s, X-ray shock 
velocity measured at ~4700 km/s

System is likely seen with major axis in plane of sky -> 
WL underpredicts mass by ~30%

Shock velocity not affected by gravity (Milos2 et al),     
X-ray gas moving toward bullet (Springel & Farrar) -> 
true velocity 3000-3500 km/s
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MOND vs DM

MOND + WDM
vs

CDM
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CL0024 DM “Ring”

Jee et al (2007)

γ(r) = κ̄(< r) − κ(r)



A Dark Core?

Mahdavi et al (2007)



32 Okabe & Umetsu [Vol. ,

Fig. 11. A520 Top-left: Subaru i′-band image of the central ∼ 12′,×12′ cluster region. Overlayed are contours of the lensing
κ-field reconstructed from weak shear data. The contours are spaced in units of 1σ reconstruction error (see Table 5). The Gaussian
FWHM used for the mass reconstruction is 1.′25. Top-right: adaptively-smoothed Chandra X-ray contours (0.7− 7.0 keV) overlaid
on the same i′-band image. Bottom-left: Cluster luminosity density distribution in i′-band smoothed to the same angular resolution
of the mass map. Overlayed are the same mass contours as in the top-left panel. Bottom-right: The same mass contours overlayed
on the adaptively-smoothed Chandra X-ray image (0.7− 7.0 keV).

Okabe and Umetsu (2007)



Clowe et al (eventually)



MOND vs DM in groups
X-ray group and cluster mass profiles in MOND: Unexplained mass on the group scale 5

Figure 1. Shows the mass profiles of the components of the dynamical mass for 4 representative clusters: N5044 (T=1.0 keV), N533
(T=1.2 keV), A2717 (T=2.2 keV), and A2029 (T=8.5 keV). The total MOND dynamical mass (Mm) is in black with thick-solid linetype
and its 1-σ error is the thin-solid black line (there is virtually no error below). The Newtonian dynamical mass is black with a dotted
linetype. The solid red line corresponds to the observed mass of X-rays and the dotted red line is the mass of the BCG if M/LK=1 for
which we use a Hernquist profile. The green line is the maximum necessary contribution of neutrinos; by this we mean it is maximal
(Eq.7) in the centre where the dynamical mass is unexplained, whereas at the outskirts the neutrinos no longer have maximum density,
instead they have the density necessary to complete the budget after gas and the residual mass at the centre has been accounted for. The
thick solid blue line is the residual mass unexplained by the neutrinos and gas and its 1-σ error is the thin solid blue line. The dotted
blue line is the necessary residual mass if we have no significant neutrino density and again the 1-σ error is the thin dotted blue line. Of
course there is another error associated with the mass of the neutino, but we have fixed the neutrino mass at 2eV. Obviously a range
of blue solid lines are possible between the solid blue and dotted blue depending on neutrino mass. If the neutrino has a mass <<2eV
then we simply recover the dotted blue line. Clearly, one sees that for low temperature clusters such as N5044, no DM is present at r
> 150 kpc. The errors on the different lines are not independent from each other. The firm result here is that no random or systematic
errors can ever make the green line (which overestimates the true contribution of 2 eV neutrinos by assuming a fully constant density in
the core) reach the thick dotted blue line in the core of clusters, or even anywhere in groups, if the mass of ordinary neutrinos is smaller
than its experimental upper bound.

Angus, Famaey, & Buote (2008)
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8 G. W. Angus, B. Famaey, D.A. Buote

Figure 4. Shows the fraction of dark mass (red) and of residual
mass after neutrinos have been taken into account (black) as a
function of the MOND dynamical mass. Clearly the ratio of dark
mass stays constantly high (>0.6) if neutrinos are not contribut-
ing, but the fraction of residual mass becomes less important for
heavier (and hotter) clusters when neutrinos are added.

Figure 5. Shows the residual mass discrepancy vs. temperature
after subtraction of X-ray gas, the BCG and of the maximum
contribution of neutrinos (black) and for the case with no neu-
trinos (red). In the case of significant neutrino contribution, this
discrepancy is a fairly constant value of ∼ 1013M! for T > 3 keV
but drops steadily to zero for T < 3 keV. If neutrinos are not
present, the dark mass continues to rise with temperature.

Figure 6. Shows the marginal correlation of the K-band lumi-
nosity of the BCG with cluster temperature.

Figure 7. Shows the necessary K-band M/L ratio of the BCG
to explain the residual central mass discrepancy when neutrinos
are present. It ranges between 2 and 20, meaning the stellar pop-
ulation of the BCG is probably not enough. If no neutrinos are
present, then the ratio > 100 for some clusters (see the table).

host is around 8×1010M! using a sensible M/L in the g-
band of 1.9-3.3, whereas the higher luminosity host requires
2.8×1011M! which can only be achieved with a M/L of 4.2-
6.6 whereas the acceptable range is 3-5. So, there exists some
evidence that the higher mass elliptical requires a moderate
amount of DM.

We can only be certain that HSB galaxies like those

Angus, Famaey, & Buote (2008)



MOND on the outskirts of 
galaxies

Hoekstra, Gladders, & Yee (2004) found that 
the galaxy-galaxy lensing signal around 
massive galaxies is not circular at large radius 
(as predicted by MOND without DM)

Result confirmed Parker et al (2007) with 
CFHTLS galaxy-galaxy lensing

Tian, Hoekstra, and Zhao (2008) find that the 
galaxy-galaxy lensing signal increases with 
galaxy luminosity faster than MOND would 
predict (and faster than MOND + neutrinos)



Mili-lensing
Substructure in the 
lensing galaxy can 

produce microlensing 
type effects 1 of the 

multiple images.

Measurement of these 
effects can constrain 

amount of 
substructure in 

galaxies and the sizes 
of the black holes and 
accretions disks in the 

quasar lenses.
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Conclusions
MOND (and all alternative gravity models) require 
twice as much DM as visible baryonic matter, 
including a large non-neutrino component

Ring and DM bump are too low of significance 
detections to base any conclusions about gravity 
or DM models off of

MOND may need LWDM to account for lensing 
and X-ray data on the outskirts of massive 
galaxies -> possible conflict with inner rotation 
curves of galaxies


